Hereby, we present a comprehensive experimental and theoretical study of the electronic structure and optical properties of excitonic complexes in strain-engineered InGaAs/GaAs quantum dots 
2 networks, it is crucial to perform comprehensive studies of their optical properties and the underlying electronic structure as well as to identify their determining factors by means of excitonic and excited state spectra, in particular on the level of a single quantum emitter. In case of fiber-based quantum communication, it is of great importance to develop QD-based non-classical light sources emitting in the telecommunication spectral windows at 1.3 and 1.55 µm. One of the approaches to target this challenge is to use GaAs-based QDs (emission typically centered at 900-1050 nm at 10 K for InGaAs/GaAs QDs) and redshift their emission to longer wavelengths accordingly. Various methods have been explored to reach the telecom range in this material system by: (i) engineering the strain in InAs/GaAs QDs utilizing an InGaAs strain reducing layer (SRL) [2] [3] [4] [5] [6] , [7] [8] [9] [10] (ii) by using SRL containing Sb for deeper confining potential; [11] [12] [13] [14] (iii) deposition of the InAs QDs on InGaAs metamorphic buffer layers; 15, 16 (iv) using bilayers of differently-sized QDs acting as the first, seeding layer which modifies the strain conditions for the second one; [17] [18] [19] [20] (v) increasing the QD height by growth up to the second critical thickness; 21, 22 (vi) increasing the QD size using atomic layer molecular-beam epitaxy (MBE); 23 (vi) using activated alloy phase separation 24 or (vii) nitridation of InAs/GaAs QDs leading to formation of dilute nitride InAsN QDs. 25 In that respect, it is especially desirable to obtain emission around the 1310 nm spectral window due to lack of dispersion and local minimum of losses for the standard fiber networks which is achievable in the GaAs-based structures and suitable for applications in local networks for short-and medium-range communication.
If compared to InP-based approaches [26] [27] [28] [29] , GaAs-based technology combines the advantage of mature fabrication and material processing with compatibility and feasible on-chip integration. Additionally, the fabrication of high-quality distributed Bragg reflectors (DBRs) to enhance the extraction efficiency of the QD emission as well as microcavities is much less demanding in GaAs-based structures in comparison to InP-based counterparts due to availability of compatible materials with high refractive index contrast. Furthermore, in the case of InAs on InP system it is rather optimal for longer wavelengths of the third window at 1550 nm and covers the range of absolute minimum of losses preferential for long-haul data transmission, but on the expense of possible distortion of the optical signal due to dispersion.
In this paper we investigate fundamental physical properties of excitonic complexes confined in InGaAs/GaAs QD structures capped with InGaAs strain reducing layer of lower In content, in view of their practical implementation in non-classical light sources for short range quantum communication protocols at the telecom O-band. 30 The quality of these structures have reached the level enabling systematic experimental study on many QDs, but their practical application still requires optimization as the structural quality and therefore the internal quantum efficiency of the emitters is not yet comparable to their counterparts emitting at shorter wavelengths. Ensembles of such structures with high spatial density have already been investigated in view of laser applications focusing on the role of the SRL in redshifting the QDs' emission towards telecommunication wavelengths, however on the level of the averaged optical response of the entire ensemble. 5, 31, 32 Here, we focus on the single quantum emitters and on identifying their optical and electronic properties including the exciton fine structure splitting -bright and dark excitonic states -as well as the binding energies of excitonic complexes as a function of emission energy and morphological parameters. This enables us to point out efficient single optical transitions of good thermal stability. We study both experimentally and theoretically the properties of various excitonic complexes by means of microphotoluminescence (µPL), also in magnetic field, and compare them with 8-band k·p modelling 33 combined with the configuration interaction method proven to reflect properly 3 the excitonic states in different types of epitaxial QDs. 34, 35 The obtained results on the single-particle states and the binding energies of excitonic complexes with respect to such system parameters as QD geometry, QD composition and SRL composition are critical for proper understanding of the interdependence between the structural, electronic and optical properties of single QDs grown by metal organic chemical vapor deposition (MOCVD), being relatively cheap and efficient technique compared to other fabrication methods. Moreover, they provide means for tailoring the dots characteristics to make them suitable for specific nanophotonic applications in the O-band fiber window. So far, similar QD structures with however different structural properties and ultra-low spatial density were studied with respect to cascaded emission of photons (from both neutral and charged excitonic complexes) 10 and temperature dependence of photoluminescence 36 followed by demonstration of single-photon emission. 37 However, these structures exhibit mainly negative charged complexes, whereas in our case positive trions are preferentially formed due to unintentional p-doping in the MOCVD growth process, leading to significantly changed excitonic spectrum, possibly related also to different morphological properties of the dots investigated here. There is also a theoretical work on the fine structure splitting of the neutral exciton in similar family of InAs/GaAs with the SRL, 7 but neither the binding energies of the multicarrier excitonic complexes, nor their interplay with the ground state emission energy or energetic order of the respective excitonic complexes have been studied. Therefore, our aim is to fill this gap. In addition, we also extend the existing knowledge by direct detection of the dark excitonic states in these nanostructures which has not been reported before. This is an analysis which is fully complementary to the recent comprehensive study on structural and optical properties of GaAs-based QDs on metamorphic buffer layer for emission at longer wavelengths of the telecom C-band
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, for which emission of single photons and entangled photon pairs has been demonstrated. 39, 40 The paper is organized as follows: Section II provides details on the investigated structures together with a description of the utilized experimental setups. In Section III experimental findings are discussed, whereas Section IV presents the quantum dot model used in theoretical calculations together with the obtained results and their comparison to experiments. Section V concludes the paper.
II. INVESTIGATED STRUCTURES AND EXPERIMENTAL SETUP
The investigated epitaxial heterostructure containing self-assembled InxGa1-xAs on GaAs QDs was grown by MOCVD in the Stranski-Krastanov growth mode. QDs on a wetting layer are formed of In0.75Ga0.25As (0.7 nm of the nominal deposited material). The QDs of ~ 10 9 /cm 2 areal density are covered by a low-indium content In0.2Ga0.8As SRL, purpose of which is to redshift the ground state transition energy to the telecom spectral range. 31, 41 For enhanced extraction efficiency of the emitted radiation, QDs are grown on a distributed Bragg reflector (DBR) composed of 23 pairs of GaAs/AlGaAs layers (101.6/115.4 nm thicknesses measured by scanning electron microscopy -SEM) on top of the undoped GaAs buffer (300 nm). The thickness of the GaAs layer surrounding the QD layer is designed to form a 2- cavity between the DBR and the sample surface [ Fig   1(a) ]. Additionally, cylindrical mesa structures of various diameters in the range of 300 nm to 2100 nm and 670 nm height are fabricated in a regular pattern using electron-beam lithography performed at room temperature followed by reactive-ion etching (ICP-RIE) [inset in Fig. 1(b) ]. Such mesas provide increased spatial resolution by removing neighbouring QDs and hence also their possible contribution to the background emission (see an exemplary µPL spectrum in Fig. 1(b) ]. Fabricating such mesas also improves the directionality of the QD 4 emission -it has been shown theoretically that optimized mesa design can lead to extraction efficiencies comparable to those achievable with microlenses, but it is more robust against fabrication imperfections 42 which has also been confirmed experimentally within deterministic technology platforms. 43, 44 All the presented µPL results are obtained for the described sample mounted in a liquid helium continuous- 
III. EXPERIMENTAL RESULTS AND DISCUSSION
The prove that all these identified emission lines originate from the same single QD. The positively charged character of the QD is mainly attributed to unintentional p-doping in the MOCVD growth process. Such doping is typical for this growth method and results from the inclusion of carbon that stems from the metal-organic precursors (e.g. trimethyl-gallium, tertiarybutyl-arsine, and trimethyl-aluminium). 45, 46 This is consistent with a higher emission intensity of line labelled as X + than X -and X, in contrast to the previous reports demonstrating rather negatively-charged character. 10 Additional argument for assigning the signs of the charged excitons is brought by the calculations presented below [ Fig. 11 ] which indicate three times lower binding energy of the positive trion as compared to the negatively charged one in the experimentally relevant parameter range. The other spectral features visible in Fig. 2(a) could be related to the excited states or higher-order excitonic complexes including carriers in the p-shell states as reported previously for more common InAs/GaAs system 47, 48 or emission from a different QD located in the same mesa. The more detailed identification of all the emission lines in the presented spectrum is beyond the scope of this work and do not influence the generality of the obtained results neither the related conclusions. Additionally, for the X line an auto-correlation of photon emission events under nonresonant cw excitation was measured [ Fig. 4(b) ]. The second-order correlation function at zero delay gives the as measured value of g (2) (0) = 0.17, and g (2) (0) = 0.05 after deconvolution with temporal response of the experimental setup, which proves the single-photon character of the emission. The non-ideal value is attributed to uncorrelated background emission either due to multiple QDs in a mesa for this spatial QD density or due to emission from defects in the structure (most probably in the substrate).
The identification of excitonic complexes of the single QD under study allows us to determine their binding energies to be: ΔEX + = -1.7 meV, ΔEX-= -3.5 meV and ΔEXX = -3.7 meV, for, X + , X -and XX, respectively, being in the range of values similar to MBE-grown QDs 35, 49 and low-density MOVPE-grown QDs 10 in this material system, but emitting below 1 µm wavelength. The FSS of the neutral exciton (60 µeV) is also rather typical for In(Ga)As/GaAs (001) QDs emitting below 1 µm wavelength, 50 which were not especially optimized for low FSS. In order to obtain the splittings of the bright-dark and dark-dark exciton spin configurations, diamagnetic coefficients as well as carrier and exciton g-factors we collected also the magneto-optical data. 
IV. THEORETICAL MODEL AND RESULTS
In this section, a model of the QD as well as details of the methods utilized to calculate the electronic/excitonic structure are presented. We assume realistic shape of the dot 55 by describing its upper surface as:
where h denotes the height and rb is an in-plane extension parameter related to the base size. The dot is placed on a hWL thick In0.75Ga0.25As wetting layer (WL). The material distribution in the system is shown in Fig. 7 (a) for our model QD design. On the other hand, in the QD vicinity, we assume its upper surface is given by Eq. 1 with h → h'SRL = 7.8 nm, rb → r'SRL = 30 nm. The lattice mismatch between InGaAs and GaAs results in a strain field, which affects the band structure. We calculate the strain distribution in the system within a continuous elasticity approach. 56 The piezoelectric field is accounted for by using a strain-induced polarization up to the second order. 57 The electron and hole single-particle states are calculated within the 8-band k·p method. 58 Further details of the calculations as well as the material parameters are presented in Ref.
[ 59 ].
The total Hamiltonian of the system in the picture of second quantization is given by 
where e denotes the electron charge and 0 , are vacuum perimitivity and relative dielectric constant for GaAs. The emission spectrum of our model QD was calculated and compared to the experimental results presented above, also in order to verify the assumed system parameters. In the first step, a single-particle energy level spectrum [ Fig. 8(a) ] and wave functions [ Fig. 8(b) ] were calculated. The in-plane carrier density probability distribution has a high symmetry as the QD shape and In composition with cylindrical symmetry (assumed following the low degree of linear polarization of exciton emission observed in the optical experiments). Due to a strongly inhomogeneous In distribution in the QD volume [ Fig. 7 ], the wave function extension is smaller than the physical size of the QD and so the confinement is actually effectively stronger than one might expect from the dimensions of the QD itself. Figure 9 shows that the fundamental properties of the investigated system are well reproduced by the calculations. In Figure 9 (a) high-excitation spectra of the QD ensemble, exhibiting emission also from higher QD energy states (upper panel), are compared to the calculated excitonic spectrum Fig. 11(c) ]. When a QD structure with and without SRL [i.e. its In content equal to 0.0 in Fig. 11(c) ] is compared, one might conclude that the presence of the strain reducing layer influences mainly the positively charged exciton complex and the ground state energy, while the biexciton and negatively charged exciton binding energies remain almost constant. The thickness of the SRL has even less impact -when its thickness is large enough to provide X emission energy in the target spectral range (in our case above 3 nm) the binding energies of excitonic complexes are independent of this system parameters (results of the calculations not shown here). Moreover, further increase in the SRL thickness do not shift the X emission energy substantially -the dependence saturates. Thus, our theoretical study on the influence of the QD geometry as well as the average In content in both QDs and SRL shows that experimental results seen in Fig. 6(b) can be well reproduced mainly by tailoring the In content in SRL and QD rather than to QD geometry. Similarly, 9 in the experiment, the QDs with both X -binding energy higher and lower than the XX binding energy were observed, as shown in Fig. 6(b) , evidencing that we are in the regime of their intercrossing. Comparison with theoretical calculations [ Fig. 11(b) ] proves that these effects are governed and rather sensitive to the average In composition in the QD. Furthermore, we observe that smaller QDs with higher In content would be beneficial for the single-photon emitter applications (well-isolated optical transitions at the telecom wavelengths), and would allow one to reach binding energies of the positive trion of up to -1.0 meV while keeping the emission wavelength within the 2 nd telecommunication band.
V. CONCLUSIONS
In this work, we examine experimentally and theoretically the electronic structure and optical properties of To facilitate single-QD experiments a regular pattern of cylindrical mesas with varying diameters was fabricated using standard electron-beam lithography followed by reactive ion etching (inset: scanning electron microscope image of the investigated mesa structure). and (c) corresponds to the energy range and SRL composition, respectively of experimental data available in the investigated sample. In the case of (a) the energy ranges are similar for both theoretical calculations and experimental data.
